Gibberellins A12 (GAI2), GA53, GA44, GA19, GA,7, GA20, GA29, GA1, and GAB have been identified from extracts of vegetative shoots of normal (wild type) maize using full scan capillary gas chromatography-mass spectrometry and Kovats retention indices. Seven of these gibberellins (GAs) have been quantified by capillary gas chromatography-selected ion monitoring using internal standards of 114C41GA53, I'4C41GA44, 12H21 GA1I, 113C,IGA2o, 1'3C,IGA29, 113C,IGAI, and 1'3C,JGA8. Quantitative data from extracts of normal, dwarf-1, dwarf-2, dwarf-3, and dwarf-5 seedlings support the operation of the early 13-hydroxylation pathway in vegetative shoots of Zea mays. These data support the positions in the pathway blocked by the mutants, previously assigned by bioassay data and metabolic studies. The GA levels in dwarf-2, dwarf-3, and dwarf-5 were equal to, or less than, 2.0 nanograms per 100 grams fresh weight, showing that these mutants are blocked for steps early in the pathway. In dwarf-1, the level of GA, was very low (0.23 nanograms per 100 grams fresh weight) and less than 2% of that in normal shoots, while GA20 and GA29 accumulated to levels over 10 times those in normals; these results confirm that the dwarf-1 mutant blocks the conversion of GA20 to GA,.
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Since the level of GAs beyond the blocked step for each mutant is greater than zero, each mutated gene probably codes for an altered gene product, thus leading to impaired enzyme activities. (8, 19) , and GA20 to GA, (19) ; third, bioassay data, using the dwarf-l (dl), dwarf-2 (d2), dwarf-3 (d3) and dwarf-5 (d5) mutants indicate that these single-gene, nonallelic mutants block specific steps in the early 13-hydroxylation pathway. The pattern of response suggests the position in the pathway blocked by each mutant. For example, GA20 and GA, are both highly active when assayed on d5 whereas GA20 is 1% as active as GA, when assayed on dl. Thus, the d5 mutant blocks a step before GA20, and the dl mutant the late step, GA20 to GA,. In addition, the GA precursor ent-kaurene is active on d5, suggesting that the d5 block is before ent-kaurene (Fig. 1) ; fourth, feeding studies with [17-'3C ,3H2]GA20 show that GA20 is metabolized to GA, in shoots of normal and d5 seedlings, but not in dl seedlings (19) . Also feeding studies with [ (6) .
In this paper, evidence is presented for the presence of GA12, GA53, GA44, GA,9, GA17, GA20, GA29, GA,, and GA8 in the seedling shoots of normal maize (Fig. 1) . The data are based on full scan mass spectra and Kovats retention indices (14) from capillary GC-MS. In addition, quantitative data are presented for the levels of specific endogenous GAs in normal, dl, d2, d3, and d5 seedlings using labeled internal standards and GC-SIM. 3 These data provide additional support for the positions of the steps in the metabolic pathway blocked by the mutant genes ( Fig.   1 ).
The early 13-hydroxylation pathway ( Fig. 1) for GA biosynthesis was first established for seeds of Pisum sativum (1 1, 17) . This pathway has also been proposed for shoots of Zea mays (7, 16) . Four lines of evidence support the presence of this pathway and its operation in the control of shoot elongation in maize.
First, eight members of the pathway, GA53, GA44, GA,9, GA17, GA20, GA29, GA,, and GA8 have been identified as native in young tassels of normal maize, from full scan mass spectra and Kovats retention indices (14) , using capillary GC-MS (7, 8) by preliminary experiments using total ion current areas to provide approximate values of individual GA levels.
In each case, the aqueous residue was subjected to solvent partitioning, giving the AE fraction which was purified by DEAE Sephadex A-25 chromatography. The column (25 mL) was eluted with 25 mL portions of the solvents described above. Aliquots of each fraction were radiocounted and the radioactive fractions (usually 0.5, 0.75, 1, and 3 N HOAc in MeOH) were combined, concentrated and purified twice by HPLC on Nucleosil S N(CH3)2 as described above, except that in the second HPLC, fractions were (usually) collected every 2 min. After counting aliquots of each fraction, appropriate fractions were combined. (Throughout the purification steps, radioactivity was monitored by liquid scintillation counting).
Derivatization. Pooled HPLC fractions for GC-MS were dissolved in MeOH and methylated with excess diazomethane. The fractions were then dried and trimethylsilylated with N-methyl-N-trimethylsilyltrifluoroacetamide, to give the MeTMSi derivatives.
Gas Chromatography-Selected Ion Monitoring (GC-SIM). The GC-MS instrument, GC column and major operating parameters for full scan GC-MS analyses, were essentially as previously described (3). The MS was set up for voltage selected ion monitoring by tuning the magnet to the nearest major ion, from the PFK reference compound, that occurred at an m/z value lower than the ion cluster to be monitored. The MS accelerating voltage was switched under computer control to focus the nearest major PFK ion at an m/z value higher than the ion cluster. A voltage switching calibration between the two bracketing PFK ions was then established. The ions of the M+ ion cluster were monitored within the appropriate Rt range by sequential switching of the accelerating voltage to the values determined by the calibration. The dwell time for each mass was 50 ms and the interchange delay was 20ms. The initial GC column temperature was 200C. After injection, an isothermal period of 2 min was followed by temperature programming at 5°C min-' to 3200C.
The intensities of the monitored ions were obtained from the areas under each peak of ion response at the appropriate Rt.
Calculation of Endogenous GA Levels. The method, which will be described in a forthcoming paper, uses a Fortran program, provided by Dr. K. A. G. McNeil. The algorithm assumes that the intensities of the M+ ion cluster for a GA, labeled with 100% replacement of a light by a heavy isotope at specific position(s), are the same as the intensities for the unlabeled GA except that the m/z values are increased by the mass difference between the heavy and light isotope. The proportion of these two sets of intensities (as determined by GC-SIM peak area measurement) that give the best agreement with the observed intensities of the IS is determined by least squares fit (18) to give the isotope ratio in the IS. By the same procedure, the intensities of the M+ ion cluster of the unlabeled GA and the IS are used to obtain the 'best-fit' isotope ratio for the sample being analyzed. The precision (fit factor) of the least squares fit is obtained as follows. The normalized intensities of each of the ions in the unlabeled GA are multiplied by the isotope ratio, determined for the analyzed sample, to give the 'calculated' normalized intensities for the sample. These calculated values, and the observed values, for the sample are expressed as fractional values of the summed normalized intensities. The sum ofthe differences, ignoring signs, between the calculated and observed fractional values for each ion is subtracted from unity to give the fit factor. A perfect fit would have a value of1.0.
The amounts of each GA were then calculated from the equation:
where S = ng GA internal standard 100g-1 fr wt, X= % unlabeled GA molecules in the recovered sample, Y = % labeled GA molecules in the recovered sample, A = % unlabeled GA molecules in the internal standard, and B = % labeled GA molecules in the internal standard.
Internal Standards. The following labeled GAs were used as internal standards: [1,7,12,18- Table I were identified by full scan MS at the correct Kovats retention indices (14) . These compounds include GA12, GA53, GA44, GA19, GA17, GA20, GA29, GA1, and GA8, members of the early 1 3-hydroxylation pathway (Fig. 1) . Thus, the occurrence of GA12 has been established for the first time in vegetative shoots of normal maize. In addition, the first evidence for the presence of GA5 in maize was obtained from the quantification studies by GC-SIM on the M+ ion cluster at the correct Rt essentially quantitative recovery (>95%) of GAs from PVP slurries. The AE fractions from the spiked aqueous residues were fractionated as described in "Materials and Methods." Fractions from the final purification step, HPLC on Nucleosil 5 N(CH3)2, were analyzed by capillary GC-SIM as their MeTMSi derivatives.
The method used to calculate the levels of endogenous GAs (see "Materials and Methods") has the following advantages over the use of calibration curves: (a) access to unlabeled GAs is not required provided the intensities of the M+ ion cluster are known, and (b) it has a wider concentration range. The method has the following disadvantages: (a) it cannot be used in cases where there is a differential loss of, e.g. M+-'H and M+-2H; and (b) for high accuracy the ratio of IS to endogenous GA should be close to 1: 1; the amount of IS required can either be estimated from the ion intensities of the endogenous GA in an extract without added IS, or be determined by trial and error.
The results for the normal and dl extracts are presented in Table II , those for the d2, d3, and d5 extracts in Table III. The present study documents the presence of GA12, GA53, GA44, GA19, GA17, GA20, GA29, GA1, and GA8 in the vegetative shoots of normal maize. The levels of GAs in normal, dl, d2, d3, and dS provide evidence for the specific metabolic steps blocked in the mutants (Fig. 1) . Comparison of the levels of the GAs in vegetative shoots of normal and dl seedlings (Tables II  and III) provides clear evidence that the dl mutant blocks the conversion of GA20 to GA,. The levels of GA1 and GA8 in dl seedlings are 2% and 7% of the levels in normal seedlings while GA20 and GA29 accumulate in dl seedlings to levels which are 14 and 11 times greater than in normal seedlings, respectively. These results are the average of two experiments. Thus, the evidence from identification and quantification studies (herein), from bioassay data (16) and from metabolic studies (19) , supports: (a) the presence of the early 1 3-hydroxylation pathway in shoots of normal maize and (b) the dl, d2, d3, and dS mutants block specific steps in this pathway (Fig. 1) .
The cumulative evidence from bioassay data (16), from metabolic studies (19) , and from the endogenous levels of GAs in normal and mutant seedlings clearly shows that the dl mutation controls the 313-hydroxylation step, GA20 to GA,.
The data in Tables II and III suggest that the dl, d2, d3, and dS genes code for altered proteins in which the enzyme activities are severely impaired but not completely lost (i.e. the mutants are 'leaky'). Thus, for dl seedlings, the levels of GA, and GA8 are very low compared to the levels in the normal seedlings, but they are not zero. Similarly, in d2, d3, andd5 the levels of GA53, GA44, GA19, GA20, GA29, GA1, and GA8 are very low, but not It is interesting to note that the ratio of the levels of GA20 to GA,1 is less than 1 to 12 for normal seedlings and greater than 8 to 1 for dl seedlings. This reversal of relative levels of GA20 and GA19 could suggest that the conversion of GA19 to GA20 may be rate-limiting in normal seedlings and subject to product-inhibition in dl seedlings. However, the testing of this speculation must await the isolation of the pure enzyme for this step. While there is probably no significance in the fact that total GA levels are almost the same (about 0.8 ,ug 100 g-') for normal and dl shoots, it does clearly show that it is not the total GA level that controls elongation growth in maize shoots, but the level of the specific gibberellin, GA1. The detection of GA5 in vegetative shoots of maize seedlings (Tables II and III ) merits comment. The natural occurrence of GA5 in maize was specifically examined in view of the uncertain metabolic relationship between GA5, GA20, and GA1. Kamiya et al. (12) have shown that GA20 is metabolized to both GA, and GA5 in a cell-free system from immature seeds of Phaseolus vulgaris. K. Albone, P. Gaskin, J. MacMillan, V. A. Smith, and P. Weir (unpublished data) have found that the enzyme activities for these conversions co-occur in embryos of P. vulgaris giving a product ratio of 3:1 for GA1:GA5 and that both activities may reside on the same catalytic protein. In the present study, GA5 (0.7 ng 100 g-' fr wt) was detected in normal seedlings in which GA1 is present at levels of 12 ng 100 g-1 fr wt, but not in dl seedlings, in which the levels of GA1 are low (0.2 ng 100g' fr wt). This correlation between the amounts of GA1 and GA5 is consistent with the possibility that GA5 is a byproduct of the 3,Bhydroxylating enzyme that converts GA20 to GA1.
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